The traditional experimental method to determine the transfer length in pre-tensioned concrete 10 members consists of measuring concrete surface strains before and after de-tensioning with a 11 mechanical strain gage. This method is prone to significant human errors and inaccuracies. In 12 addition, since it is a time-consuming and tedious process, transfer lengths are seldom if ever 13 measured on a production basis for product Quality Assurance. 14 A rapid, non-contact method for determining transfer lengths in pre-tensioned concrete railroad 15 ties has been developed. The new method uses laser-speckle patterns that are generated and 16 digitally recorded at various points along the pre-tensioned concrete member. A prototype was 17 fabricated as a portable self-contained unit for field testing. It incorporates a unique modular 18 design concept that has several preferable features. These include flexible adjustment of the 19 gauge length, easy upgradability to automatic operation, robustness and higher accuracy.
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The laser speckle strain sensor was applied to transfer length measurements of typical pre-21 tensioned concrete railroad ties in a railroad tie plant. These prestressed concrete tie members are 
27
The measurements of transfer length using the laser speckle strain sensor were unprecedented 28 since it was the first time that the laser speckle technique has been applied to pre-tensioned 29 concrete inspection and particularly for use in transfer length measurements of concrete railroad 30 ties. It was also demonstrated that the technique was able to withstand the harsh manufacturing 1 environment, making transfer length measurements possible on a production basis for the first 2 time.
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Introduction to Problem 4 Pre-tensioned concrete railroad ties are becoming increasingly popular in the United States, and 5 are an essential component for higher speed railway lines. In order for these pre-tensioned 6 concrete ties to function adequately over their expected service life, the prestress force must be 7 fully introduced into the railroad tie at a location well before the rail load is applied. The length 8 required to transfer the prestress force into the concrete member is referred to as the "Transfer 9
Length." Furthermore, repeated loading inside of the transfer length zone may have significant 10 affect on the transfer length, which can lead to cracking and early bond failure. However, the 11 repeated loading outside of the transfer length zone does not significantly affect the transfer 12 length (Shahawy et al., 1990) . Another important concern is time dependent effects on transfer 13 lengths, where various research studies has indicated transfer length (these researches includes 14 prestressing tendons of both wire and strands as well as in different size diameter tendons) 15 increases of varying degrees over time (Barnes, 2000) . Since the pre-tensioned concrete ties are 16 relatively short, and have extremely large dynamic loads repeatedly applied near the member 17 ends, most of the pre-tensioned concrete railroad tie producers use indented prestressing wires or 18 indented prestressing strands rather than traditional 7-wire smooth prestressing strands. It is 19 generally understood that these indentations serve to improve the bond between the steel and the 20 concrete and therefore reduce the transfer length.
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However, because the application of these indented reinforcing steels has been so limited, current 
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In order to determine and quantify the prestressing steel and concrete variables that affect the 5 transfer length in Pre-tensioned concrete crossties, so that the proper performance of the ties can 6 be ensured throughout their entire service life, it is important to find a way to measure the transfer 7 length rapidly and accurately. This same technology could then also be employed as a quality 
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After releasing the prestressing force, the distance between the gauge points is measured again.
16
The surface strain can be found by determining the change in distance between the points.
17
Typically, to construct the surface strain profile for a prestressed member, the strain measured at 18 three consecutive points is averaged to smooth the data. By averaging three consecutive points 
Laser-Speckle Technology and the Optical Strain Sensor 22
To measure the transfer length more quickly and accurately, a non-contact method based on laser- (Wegner 1999 ). This makes it impractical for the ESPI technique to be used for strain 13 measurement on pre-tensioned concrete ties in the harsh manufacturing environment where the 14 stringent alignment of the sensor is hard to achieve. DSP, on the other hand, generally has lower 15 resolution than ESPI, but its resolution is high enough for the pre-tensioned concrete tie strain 16 measurement application. More importantly, the DSP technique has a large dynamic range, which 17 is a principal requirement in pre-tensioned concrete tie concrete beam strain measurement. The 18 optical strain measurement technique that was developed for this study is actually based on DSP.
19
To detect the surface strain or deformation, the grainy speckle pattern image is recorded before 20 the surface is deformed and after the surface deformation. The deformation or displacement 21 components can then be extracted by comparing the shift of the speckle patterns before and after 22 a surface deformation. This is typically done statistically using a cross-correlation technique to 
where L is the gauge length 203.2 mm (8 in.) for the current setup.
22
The capability of the optical sensor in strain measurement was validated by using a manual 
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Measurements at a Concrete Railroad Tie Plant 11
The production of pre-tensioned concrete rail ties is a highly automated process. A concrete tie 12 plant is capable of producing thousands of railroad ties each day. In order for these pre-tensioned 13 concrete ties to function adequately over their expected service life, the prestressing force must be 14 fully introduced into the railroad tie at a location well before the rail load is applied. For the 15 railroad ties that the research team tested, the rail load is applied at a distance of 558.8mm (22 in.) 16 from the end of the tie, which means the "Transfer Length", defined as the length required to 17 transfer the prestressing force into the concrete railroad tie member, must be less than 558.8mm 
22
To initially evaluate the feasibility of the in-plant transfer length measurements using the laser 23 speckle strain sensor, a field trip was made to a concrete railroad tie production plant in Nebraska. 
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To avoid this problem, microscopic reflective particles were bonded to the railroad tie surface to 7 serve as artificial speckle before the initial readings were taken, as shown in Figure 11 . The 8 particles were much less vulnerable to the severe abrasions than the concrete surface itself and 9 helped keep the correlation that was critical for the laser speckle strain sensor to be functional in 10 this situation.
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The laser speckle device works best when measurements are taken on flat surfaces. To ensure the 12 concrete surface was flat over the area where readings were taken, steel bars were placed on the 13 concrete at the time of casting as shown in Figure 12 . Once the concrete had cured, the bars were 14 removed and a flat concrete surface was left along the line where readings would be taken.
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In order to facilitate the laser-speckle measurements, three small 6.35mm (¼ in.) diameter inserts 16 were cast into each of the railroad ties immediately after pouring the concrete mix. The inserts 17 allowed a manual traverse to sit on the top of the member surface conveniently. The sensor was 18 installed on the manual traverse and was able to slide freely on it, as shown in Figure 13 . 
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Because the laser speckle sensor was able to take higher spatial resolution measurements at 
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Presentation of Data 18
To provide the plant with information regarding the quality of their concrete tie product, the 
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Some of the results obtained at the plant using laser speckle strain sensor can be seen in Figures   24 15 -18. The difference in the strain profiles for the 3-point average and 9-point average are 25 shown. The 9-point average method produces data that is more smooth and easier to work with. Figure 18 show the surface strain profile for tie number 1 on side B during the third cast.
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This was the procedure that the research group used to name the ties.
5
The values of the transfer lengths obtained from all twelve pre-tensioned railroad ties by using the 6 laser speckle can be seen in Table 1 . The two different readings for each tie are from the two ends 7 that we measured on each tie. The various tables are separated by the cast number and the tables 8 show the correlation between the 3 and 9-point average methods.
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The average transfer length using the 3-point average was 213.4mm (8.4 in.) with a standard 10 deviation of 66.0mm (2.6 in.). The average transfer length using the 9-point average was 11 221.0mm (8.7 in.) with a standard deviation of 66.0mm (2.6 in.). These values were considerably 12 less than the rail seat distance of 558.8mm (22 in.). After analyzing the data from the railroad tie 13 plant, it was determined that the transfer length values were satisfactory for each of the four 14 concrete mix as well as wire types.
15
It can also be seen that 9-point average method appears to provide a more conservative estimation 16 of the transfer length, by giving estimated values that are 3%-6% larger than those obtained using 17 the 3-point average method. This is due to the fact that the averaging has an effect of lowering the 
